Porous mullite-bonded silicon carbide (SiC) ceramics were prepared from SiC and aluminum hydroxide [Al(OH) 3 ] powders. The Al(OH) 3 content was varied from 14.5 to 47.3 wt %, and porous SiC ceramics were fabricated via reaction sintering at 1450 1550°C for 2 h. The microstructure showed large SiC grains embedded in a matrix of small and loosely packed mullite/alumina particles. It was demonstrated that the porosity decreased and flexural strength increased with increase in Al(OH) 3 content. The porosity varied from 46 to 54%, and flexural strength varied from 3 to 14 MPa with the variation in Al(OH) 3 content and sintering temperature. Typically, porous mullite-bonded SiC ceramics of 14 MPa strength and 47% porosity were obtained when SiC and 47.3 wt % Al(OH) 3 powders were sintered at 1500°C.
Introduction
Silicon carbide (SiC) has been considered as candidate material for structural applications because of their unique combination of properties such as low thermal expansion coefficient, high thermal conductivity, superior mechanical properties, high thermal shock and corrosion resistance.
1)4)
Considering the improved oxidation resistance, and small difference in thermal expansion coefficients with SiC (0.6 © 10 ¹6 /K at 2731273 K), mullite-SiC composites are expected to exhibit better performance in high temperature applications. 5)13) Several strategies have been proposed to produce mullite-SiC composites: (i) pressureless sintering, 10) (ii) hot-pressing, 11) (iii) polymer impregnation and pyrolysis, 12) (iv) melt infiltration, 13) and (v) reaction sintering. 14)19) Mullite-bonded SiC ceramics are fabricated via reaction sintering using SiC and alumina powders. SiC powders readily oxidize in air to form silica that in turn reacts with alumina at high temperature to form mullite (3Al 2 O 3 ·2SiO 2 ) phase. 15),20) The porous mullite-bonded SiC ceramics produced from SiC, alumina and graphite powders exhibited a maximum strength of 28 MPa when 20¯m-starting SiC powder and Y 2 O 3 sintering additives were used.
16) The high alumina content (37 wt %) yielded a maximum strength of 39 MPa for a 37% porous mullite-bonded SiC ceramics, 18) while sub-micron SiC powders yielded a further increase in strength to ³90 MPa at 25% porosity. 19) It is recently reported that the strength and porosity can be tailored with proper selection of aluminum source that contribute to the in situ mullitization process. 20) The porous mullite-bonded SiC ceramics fabricated by reaction sintering have several advantages compared to the porous SiC ceramics fabricated by the other processing methods. 21) 24) The advantages include (1) good oxidation resistance because of air-sintering of the ceramics, (2) low sintering temperature, generally¯1550°C, and (3) cost effectiveness of raw materials because of coarse starting SiC powders. The porous mullite-bonded SiC ceramics are good candidates for uses in membrane supports for hot-gas filter applications and lightweight refractory plates. In this paper, aluminum hydroxide [Al(OH) 3 ] was used as an aluminum source to in situ synthesize mullite phase with a refractory grade-SiC powder (³65¯m) via reaction sintering in air. The effect of Al(OH) 3 content on the microstructure, porosity and strength of the porous mullite-bonded SiC ceramics were investigated.
Experimental procedure
Commercially available refractory-grade SiC (³65¯m, Showa Denko, Tokyo, Japan) and Al(OH) 3 (³2¯m, Kanto Chemical Co. Inc., Tokyo. Japan) were used as starting materials. Four batches of powder mixtures were prepared with the varying Al(OH) 3 content: 14.5, 27.7, 39.6 and 47.3 wt % (see Table 1 ). All batches were milled separately in polypropylene jar for 24 h using distilled water and SiC grinding balls. Polyethylene glycol and polyvinyl alcohol were added as binders. The milled slurry was dried at 100°C for 24 h and uniaxially pressed under a pressure of 50 MPa. The compacts were sintered at 1450, 1500 and 1550°C for 2 h in air. The porosity was estimated using boiling water. The fracture surface morphology was studied using scanning electron microscopy (SEM, S4300, Hitachi Ltd., Japan). Barshaped samples were cut to a size of 3 mm © 4 mm © 30 mm and bending tests were performed at room temperature on four to five specimens for each composition using a four-point method (Instron 4465, Instron Co., Ltd., USA) with inner and outer spans of 10 and 20 mm, respectively. The specimens were loaded at a constant crosshead speed of 0.5 mm/min. The sintered samples were ground using mortar. The powder was sieved (through 600¯m) and the phase analysis conducted using X-ray diffractometry (XRD, D8 Discover, Bruker AXS GmbH, Germany) with Cu K¡ radiation.
Results and discussion
The aluminum hydroxide is subjected to decomposition and dehydration at temperatures as low as 260°C and becomes alumina 20) according to the following reaction:
Simultaneously, SiC oxidizes to amorphous silica that further crystallizes to form cristobalite during sintering at high temperatures in air 25) as
The alumina reacts with the oxidized SiC in air to form mullite at temperatures above 1450°C 5), 15) :
XRD analysis of the specimens prepared with 47.3 wt % Al(OH) 3 and sintered at 14501550°C is shown in Fig. 1 . In general, XRD analysis shows the presence of ¡-SiC, ¡-alumina, cristobalite, and mullite phases indicating the occurrence of mullitization. The intensity of alumina peaks decreased with increase in sintering temperature from 1450 to 1500°C. It is also observed that the intensity of cristobalite peaks slightly decreased with increase in sintering temperature from 1500 to 1550°C, and the intensity of mullite peaks were relatively stronger in the sample sintered at 1500°C. This essentially implies that the synthesis of mullite bonding phase was maximized at 1500°C. The faster oxidation of SiC at 1550°C might lower synthesis of mullite phase. The mullitization was followed by densification to a smaller extent, resulting in a structure containing plenty of pores. The in situ formed mullite is believed to act as adhesive that binds the SiC particles. Figure 2 shows the microstructures of porous mullite-bonded SiC ceramics prepared with different amounts of Al(OH) 3 and sintered at 1500°C. In general, microstructures show large SiC grains embedded in a matrix of fine and loosely bound small particles, and residual porosity. With increase in initial Al(OH) 3 content, the microstructure is filled with increased number of small particles. The large grains are SiC and the small particles are either mullite or alumina. The size of mullite or alumina grains ranges from 5 to 10¯m, and pore size ranges from 5 to 40¯m. The pores are derived from stacking of SiC and Al(OH) 3 particles.
The influence of sintering temperature on the microstructural evolution of MSC4 specimen is shown in Fig. 3 . The sintering at high temperatures increases densification at local regions, attributed to the more amount of mullite and oxidation-derived SiO 2 phases. The larger grains are strongly attached to smaller particles, especially at 1500°C. Typical strong bonding between the large SiC grains after sintering at 1500°C is also shown in Fig. 3(c) . Such a porous structure with strong bonding between SiC and mullite is expected to exhibit superior strength of the ceramics.
The flexural strength of the porous mullite-bonded SiC ceramics is shown as functions of porosity and sintering temperature in Fig. 4 . Since the specimens prepared with 14.5% Al(OH) 3 were very weak, even broken by hands, strength of those specimens was not measured. Overall, the porosity ranged from 4654%, and flexural strength ranged from 3 to 14 MPa with the variation of sintering temperature and Al(OH) 3 content. SiC ceramics prepared with smaller amounts of Al(OH) 3 show high porosity and low strength at any sintering temperatures. With increase in Al(OH) 3 content, the amount of Al 2 O 3 increases and accelerates mullitization reaction, resulting in higher strength. With increase in sintering temperature, the porosity decreased for a given amount of Al(OH) 3 content. The mullitization between SiO 2 and Al 2 O 3 can be explained by the solutionprecipitation mechanism.
26),27) Due to the superficial softening, the Al 2 O 3 particles penetrate into the viscous SiO 2 glass, leading to the nucleation of mullite. At increased temperature, viscosity of SiO 2 glass decreases and more Al 3+ ions are dissolved into the SiO 2 glass. The mullite formation is accelerated because of the short diffusion distances and is diffusion controlled. 16) However, Fig. 4 indicates that maximum strength was obtained for the specimens sintered at 1500°C. This can be attributed to the maximum mullitization observed in XRD analysis of the sintered specimens (see Fig. 1 ). On the other hand, fast oxidation of SiC at 1550°C retarded mullitization and caused low strength of the ceramics. Figure 4 also indicates that the flexural strength of the porous mullite-bonded SiC ceramics decreased with increase in porosity. It is often reported that porous ceramics exhibit decreasing tendency of strength with increasing porosity, which can be attributed to the higher probability of defect formation at higher porosity under load.
28)30) Flexural strength of 10 MPa at 50% porosity was reported for mullite-bonded SiC ceramics from SiC and Al 2 O 3 powders, and graphite pore former. 15) A flexural strength of 15 MPa at 48% porosity was also reported using graphite pore former and Y 2 O 3 sintering additives.
16) The flexural strengths of mullite-bonded SiC ceramics with no additives in the literature were 9.8 MPa at 50% porosity, 31) 24 MPa at 43% porosity, 13) and 39 MPa at 36% porosity. 32),33) Typical flexural strength of porous mullite-bonded SiC ceramics using Al(OH) 3 in the present study is 14 MPa at 47% porosity. The relatively low strength of the present specimens was attributed to the use of coarser starting SiC powder (³65¯m). However, the particle size of SiC in the literature was 0.520¯m, which was much smaller than that used in the present study. When coarser starting SiC powder (³90¯m) than the present experiments was used, the flexural strength of the specimen was 6 MPa at 49% porosity. 34) Thus, the flexural strength of the porous mullite-bonded SiC ceramics is strongly influenced by the starting SiC particle size when no additives were used.
Conclusions
SiC and Al(OH) 3 powders were used to fabricate porous mullite-bonded SiC ceramics via reaction sintering in air at 14501550°C for 2 h duration. The Al(OH) 3 content was varied from 14.5 to 47.3 wt %, and the porosity and flexural strength were assessed as a function of sintering temperature. The following are the major conclusions:
(a) Al(OH) 3 
